High performance liquid chromatography protocols have been developed to allow the simultaneous analysis of a very wide range of soluble aromatic secondary metabolites in unfractionated biological extracts. The methods are simple, sensitive, and highly reproducible. They are applicable to a wide variety of natural product investigations in both plants and microorganisms. High resolution of metabolites is achieved in 25 minutes by chromatography on a reverse phase C18 column in a gradient of 0 to 55% acetonitrile in water at pH 3. For example, near-baseline resolution of over 20 phenylpropanoid metabolites and 18 naturally occurring metabolites of indole-3-acetic acid can be obtained. The methods can be applied directly to whole tissue extracts without prepurification or enrichment. Moreover, the simplicity and sensitivity of the protocols allow their application to a large number of very small tissue samples, such as those en- For a number of years, we have explored the use of HPLC for these purposes. In an early report (9), we described the use ofsuch HPLC profiles to examine elicitor-induced "shunting" of metabolites into the various branch pathways associated with phenylpropanoid metabolism. Several other reports have since appeared on the profiling or "fingerprinting" of specific classes of molecules (4, 10, 17) . Our continued interest in the biological function of phenylpropanoid-derived molecules, particularly as they relate to highly discrete spatial, developmental, and temporal events in vivo, prompted us to further refine our initial extraction and HPLC analytical procedures. The development, evaluation, and application of these methods are described in this paper.
lem is compounded by the fact that the alternative fates for a given metabolite may vary markedly from tissue to tissue, from one growth condition to another, and in response to environmental stimuli. Barz and Hoesel (2) have used the term "metabolic grid" to describe this very complex and dynamic aspect of secondary product metabolism.
Traditionally, the steady-state level of a given metabolite has been measured by applying various chromatographic procedures to an extract only after fractionation or partial purification of the chemical of interest. Although this approach allows adequate quantitation of an individual metabolite, making correlations among related or alternative metabolites is difficult, thus often neglected. If one could conveniently and reproducibly profile a more complete metabolic grid for a given metabolite or components of a pathway, it could provide a very powerful and informative research tool. The examination of such profiles over time would provide a highly dynamic view ofthe many concurrent molecular events which may relate to a biological phenomenon.
For a number of years, we have explored the use of HPLC for these purposes. In an early report (9) , we described the use ofsuch HPLC profiles to examine elicitor-induced "shunting" of metabolites into the various branch pathways associated with phenylpropanoid metabolism. Several other reports have since appeared on the profiling or "fingerprinting" of specific classes of molecules (4, 10, 17) . Our continued interest in the biological function of phenylpropanoid-derived molecules, particularly as they relate to highly discrete spatial, developmental, and temporal events in vivo, prompted us to further refine our initial extraction and HPLC analytical procedures. The development, evaluation, and application of these methods are described in this paper.
Our original protocols have been modified to allow the simultaneous examination of an even wider range ofaromatic metabolites in unfractionated plant and microbial extracts.
Significant simplifications in the protocols for tissue harvest and extraction allow the handling of large numbers of tissue samples as small as 1 mg. Over 100 individual metabolites in soybean (Glycine max L.) tissue extracts at levels as low as 100 fmol have been resolved. In our work with soybean tissues, our major limitation has not been the analytical sensitivity, but our ability to conveniently sample smaller and smaller cell populations. The profiles have provided our laboratory with a rapid, high resolution, and sensitive tool to map out very subtle alterations in phenylpropanoid derived metabolites and path-584 ways in soybean tissues. They have allowed us to demonstrate the presence of previously unreported pools of conjugates of the isoflavones daidzein and genistein in all soybean seedling tissues (6, 8) . Using the metabolic profiles, we were able to further demonstrate that these isoflavone conjugates may play dynamic and multiple roles in race-specific resistance to PMG2 in infected soybean tissues (5, 8) . Finally, the profiles have allowed us to demonstrate that molecular phytoalexin elicitors induce major but distinctly different isoflavonoid responses in discrete soybean cell populations proximal and distal to the point of elicitor application (7) .
Although initially developed for phenylpropanoid and flavonoid metabolites in soybean tissues, in refining these procedures to accommodate the extremes in polarities of these metabolites in soybean, we Although soluble, aromatic secondary metabolites display wide variations in polarity, they fall into a relatively narrow mol wt range and are predominantly nonionic. These considerations precluded the use ofgel permeation and ion exchange techniques. Silica gel was rejected because it was determined empirically that it could not handle the entire range of polarities encountered with convenient gradients and reasonable resolution of individual constituents. A number of bonded organic phase columns (both normal and reverse phase) were investigated with a range of solvent gradients. These included C8 and C18 hydrocarbon-, propylamino-, propylcyano-, and phenyl-substituted columns. When resolution, reproducibility, expense, and column life were compared, the choice was the C18 reverse phase format. C18 columns from a number of manufacturers were compared. The Merck Hibar Ec Cartridge (4.6 x 250 mm) containing LiChrosorb Rp-18 10 ,um packing (Alltech Associates, Deerfield, IL) has consistently given rapid and reproducible separations with high resolution and excellent column stability at a reasonable cost.
The solvent gradient of choice was arrived at after extensive examinations of various solvent combinations, flow rates, linear and nonlinear gradient segment combinations, and times for establishment of individual gradient steps for a wide range of various soybean tissues. The optimal separation of soybean and other plant metabolites was achieved at a flow rate of 1.5 mL/min and a 0 to 55% linear gradient of acetonitrile in pH 3 water for 25 min. Certain more complex, nonlinear, or multisegmented gradients did improve resolution very slightly, but at the expense of reproducibility. Because many laboratories do not possess gradient controllers capable of these advanced gradients, the linear segments described above were chosen for the final protocol. Methanol, though highly attractive for its lower cost than acetonitrile, did not afford as wide a range of resolution as was obtained with acetonitrile.
Only a few very minor UV-absorbing metabolites were detected in any of the extracts which required a longer initial separation at 100% water or required elution at acetonitrile concentrations above 55%. The use of a broad range of aromatic standards (see "Applications of the Profiling Procedures") demonstrated that a wide variety of classes of metabolites would fall within the gradient elution.
Development of Optimal Extraction Protocols
Concurrent with the development of optimal separation protocols, a variety of solvents and protocols for extraction of various plant tissues were evaluated. The primary aim was high and consistent yields of the widest possible range of metabolites. A secondary aim was rapidity and convenience in sample preparation. Protocols examined included singlesolvent extractions, sequential extractions with solvents of increasing polarity, and single-and sequential-solvent extractions complemented by either partitioning or preseparation on low pressure C18 minicolumns. Each protocol was evaluated at various solvent to tissue ratios for rapidity, overall yield, and the presence of interfering broad phenolic peaks due to heterogeneous materials in the extracts such as the soluble tannins.
Ofthe protocols examined, extraction in aqueous methanol or ethanol or sequential extraction in hexane, acetone, methanol, and water were the most effective. Sequential extraction and subsequent HPLC of each separate extract gave the highest yield of a few peaks at the extremes of polarity of the gradient but had no advantage in the quantitative yield of the vast majority of aromatic metabolites, which commonly had retention times of 5 to 25 min. Sequential extracts had the added disadvantage that it was impossible to obtain a clean break in polarity groups, such that peaks of interest were inescapably spread among several extracts. Pooling of the sequential extracts led to broad underlying peaks which interfered with resolution.
Extraction in the aqueous alcohols was simple and gave excellent yields of the majority of metabolites. The sensitivity and resolution provided by the HPLC profiles can be a powerful research tool. However, as is well documented in an accompanying paper (6) , reproducible tissue sampling is very critical to meaningful results. Nonreproducible harvest of various developmental zones within a tissue such as hypocotyls or roots can lead to distinctly different profiles (6) . As noted by Barz and Hoesel (2), the distribution of various flavonoids is often highly specific even within the tissues of a cross-section of chickpea roots. Even different sections of soybean cotyledon tissues from the upper to the lower surface show considerable differences in metabolite distribution (7) .
Once extracted, the samples are very stable against change if kept frozen in tightly capped containers under nitrogen or with minimal air space. The microfuge tubes used in the extraction protocol serve well for this purpose.
Due to the remarkable complexity of the HPLC profiles, the results must also be very carefully interpreted. It is essential that the identity of peaks that are being quantitated be rigorously confirmed by coelution with authentic standards under several different conditions, by their ultraviolet spectra, and by their mass spectra and nuclear magnetic resonance spectra if possible. The identity of a given peak is highly tentative if based solely on retention time. The purity of individual peaks should be confirmed by comparing UV spectral data at the leading edge, middle, and tailing edge of the peak. Since considerable variation in retention time can occur due to factors such as temperature or aging of the column, it is imperative that the identity of even established peaks be carefully reconfirmed on a routine basis. We perform these confirmations as part of every major experiment. As expected, the variability between injections of the same extract is very small ( Table I ). The coefficient of variation of the mean for these analyses averaged 0.57% and ranged from 0.38 to 1.0%. Variations in analyses due to the standard ethanol extraction procedure are also quite small (Table I) but considerably greater than reinjection of the same extract. The coefficient of variation of the mean for these analyses averaged 2.3% and ranged from 0.9 to 4.9%. As noted above, the use of the more complex protocols involving sequential extraction and multiple solvents were far less reproducible.
Variation in the analyses from sample to sample within a population of plants is also fairly low for metabolites throughout the profile (Table II) . The coefficient of variation of the mean for these analyses averaged 4.9% and ranged from 3.3 to 12.4%. Larger variation is seen between populations of plants grown at different times under seemingly identical conditions (Table II) . Possible sources of this variability are slight differences in watering or light intensity depending on placement in the growth chamber, the time within the photoperiod that samples were taken, differences in the microflora that became established within the flats ofsoybeans, etc. These suspicions have been confirmed in a number of experiments. In fact, this batch-to-batch variability in the HPLC profiles actually was very useful to us in defining and controlling parameters which did affect the biochemical reproducibility of the tissues with which we worked. By exercising great care in the growth and sampling of the soybean seedlings, we have significantly reduced such sources of variation. The analyses summarized in Table II represent those from later experiments after these parameters were identified and controlled. The coefficient of variation of the mean averaged 8.9% and ranged from 5.3 to 13.5%. In initial experiments, where less rigorous care was used in sampling, the coefficient ofvariation of the mean for individual metabolites was as high as 35%. Tables III, IV , and V show the retention times of various authentic standards in the standard profiling protocol. These retention times represent baseline or near baseline resolution of the majority of metabolites listed. Table III illustrates the excellent resolution of a wide range of phenylpropanoid derived metabolites, including simple phenylpropanoic acids, flavonoids, isoflavonoids, pterocarpans, and their glucosyl and malonyl glucosyl conjugates. Table IV illustrates the separations achieved with 18 tryptophan and indole derivatives, including indole-3-acetic acid and a number of other naturally occurring auxins and auxin metabolites. Table V illustrates the separation of additional aromatic metabolites, including several other classes of naturally occurring plant hormones and secondary metabolites.
Applications of the Profiling Procedures Retention Times of Standards Representing Various Classes of Aromatic Metabolites
Although the results in Tables III, IV , and V demonstrate the high degree of resolution which can be obtained with purified authentic standards, they do not demonstrate the usefulness of the protocols for actual analysis of crude culture filtrates or tissue extracts. Obviously, the presence of certain major branches of aromatic pathways, and thus the particular classes of aromatic metabolites that are produced by a given organism will dictate the specific "metabolic grid" (2) for which information can be obtained. Representative chromatograms of crude extracts from various organisms, with the identity of the metabolites where known, are presented below. Figure 1 shows the aromatic metabolite profiles of cotyledon tissues from 7-d-old seedlings of the soybean cultivar the accumulation of a wide range of isoflavonoids, including additional amounts of the conjugates of daidzein and genistein, coumestrol, and the glyceollins (7) . The profiles demonstrate the resolving power obtained with crude extracts of this organ. The identities of many of these metabolites have been determined and are noted in Figure 1 (their retention times are given in Table III ). In an accompanying paper, the use of these same HPLC profiles in detailed examinations of the specific distribution of isoflavonoids in various soybean seedling tissues is described (6) . The profiling protocols have also allowed the examination of the responses of very specific populations ofsoybean cells to infection and elicitor treatment (7, 8) and an examination of the metabolites present in root exudates collected along just 3 mm of the soybean root (6).
Metabolic Profiles of Elicited and Nonelicited Soybean Cotyledons
To date, the limitation of the protocol has not been sensitivity of detection, but our ability to conveniently sample smaller and smaller populations of cells.
Aromatic Metabolite Profiles of Various Additional Legumes
As part of our studies on the distribution of the flavonoids and isoflavonoids and their potential role as host-range determinants for various legume-pathogen interactions, we have profiled tissues from over 10 different legumes. Of particular interest to us are those flavonoids or isoflavonoids that are present in the seed and may function in important ways in the first few hours of a legume seedling's growth. Representative profiles for seed of 8 of these legumes are presented in Figure 2 . The profiles are highly reproducible for a given legume. As with soybean tissues and cultivars (6), they demonstrate the remarkable diversity and specificity in aromatic metabolism in the various legumes.
The same amounts ofdry seed flour were extracted for each of the chromatograms in Figure 2 . However, the amounts of aromatic metabolites in the seeds varied greatly, requiring attenuation settings ranging fourfold. Although all seeds contained a wide variety of aromatic metabolites, pea seed had particularly low levels of constitutive aromatics.
Hydrolysis of the various seed extracts demonstrated that, like soybean, many of the metabolites in these legumes are conjugates of simple flavonoid and isoflavonoid aglycones. However, in none of these other legumes do the isoflavonoids predominate as they do in soybeans. As an example, we have identified the dominant metabolite in alfalfa seed (P15.2) to be a conjugate of the flavonoid, luteolin. This is interesting in relation to the fact that, while the isoflavonoids act as nodulation gene inducers for the rhizobia that infect soybean, the flavonoids induce these genes in the rhizobia that infect the other legumes (14, 16) .
Application of the Profiling Protocol to Non-Legumes
Its wide applicability in our studies of legume flavonoid and isoflavonoid metabolism led us to examine the profiling protocol for aromatic metabolites in other organisms. Representative profiles are shown in Figure 3A for American elm tissues and in Figure 4 for Arabidopsis thaliana tissues. We (Fig. 4A) and a mutant, C 1 123 (Fig. 4B) Figure 3B . Note that the attenuation in this profile has been shifted from 16 (6, 13) .
Profiles of acid hydrolysates of crude tissue extracts of soybean and other legume tissues offer a very useful secondary profile which is, in some cases, nearly as specific to a given tissue as the primary profile. The information gained from such a profile is highly complementary to the primary profiles in that it provides useful information on the total pools of the RETENTrON TIME (MIN) various aglycones. An example of a specific application is in the analysis of the isoflavonoids in soybean seed. Figure 5A is the profile of extracted soybean seed flour. Figure 5 , B and C, represents profiles of partial hydrolysates of this extract made in 0.1 N and 1 N HCI, respectively. The identities of the various peaks are shown in Figure 5 and Table III The profiling protocols described here have already found extensive use in our laboratory in the examination of the molecular bases of host-microbe interactions (5) (6) (7) (8) . We are currently exploring their use in the characterization of mutants of Arabidopsis which we hope will be useful in examining the potential growth regulatory activity ofthe flavonoids (12) . The profiles may also be of value in the clinical diagnosis of diseased plant tissues and specific disease organisms.
